High consumption of red meat and processed meat has been associated with increased risk of several chronic diseases. We conducted a meta-analysis to summarize the evidence from prospective studies on red meat and processed meat consumption in relationship to all-cause mortality. Pertinent studies were identified by searching PubMed through May 2013 and by reviewing the reference lists of retrieved articles. Prospective studies that reported relative risks with 95% confidence intervals for the association of red meat or processed meat consumption with all-cause mortality were eligible. Study-specific results were combined by using a random-effects model. Nine prospective studies were included in the meta-analysis. The summary relative risks of all-cause mortality for the highest versus the lowest category of consumption were 1.10 (95% confidence interval (CI): 0.98, 1.22; n = 6 studies) for unprocessed red meat, 1.23 (95% CI: 1.17, 1.28; n = 6 studies) for processed meat, and 1.29 (95% CI: 1.24, 1.35; n = 5 studies) for total red meat. In a dose-response meta-analysis, consumption of processed meat and total red meat, but not unprocessed red meat, was statistically significantly positively associated with all-cause mortality in a nonlinear fashion. These results indicate that high consumption of red meat, especially processed meat, may increase all-cause mortality.
Accumulating evidence indicates that high consumption of red meat and processed meat may increase the risk of chronic diseases, such as type 2 diabetes (1), cardiovascular disease (1) (2) (3) (4) , and certain cancers (2, (4) (5) (6) (7) . Recent large prospective studies have found that red meat and processed meat consumption is associated with increased risk of all-cause mortality (2, 4, 8) . Because the evidence from prospective studies on red meat and processed meat consumption in relationship to all-cause mortality has not yet been summarized, we conducted a systematic review with meta-analysis to quantify the association.
MATERIALS AND METHODS

Literature search
We followed standard criteria for conducting and reporting of meta-analyses of observational studies (9) . Studies were identified through a systematic review of the literature (through May 2013) by using the electronic PubMed database (http:// www.ncbi.nlm.nih.gov/pubmed) without restrictions. We used the search terms "meat," "beef," "pork," "veal," "lamb," "steak," "hamburger," "ham," "bacon," or "sausage" in combination with "mortality" or "death." In addition, we searched the reference lists of relevant publications for more studies.
salami, or ham. "Total red meat" was defined as unprocessed red meat and processed meat combined. Studies comparing the mortality rates in vegetarians with those of nonvegetarians were not included. We also omitted studies that examined only cause-specific mortality such as cardiovascular or cancer mortality, as well as studies that reported results for total meat (red and white meat combined) consumption only.
Data extraction
From each publication, we extracted the first author's last name, year of publication, study location, sex, age, sample size (number of deaths and total number of participants), years of follow-up, relative risks with 95% confidence intervals for each category of red meat intake, and covariates adjusted for in the analysis. We extracted the relative risk estimates from the most fully adjusted multivariable model. Data were extracted separately for men and women if possible. Two researchers (S.C.L. and N.O.) independently reviewed articles and extracted information.
Data synthesis and analysis
In addition to combining the risk estimates for the highest versus lowest consumption category, we also estimated for each study the relative risk and 95% confidence interval for an increment of 100 g/day of unprocessed red meat and total red meat consumption and for an increment of 50 g/day of processed meat consumption and combined those estimates. For the dose-response meta-analysis, the method proposed by Greenland and Longnecker (10) and Orsini et al. (11) was used to compute the trend from the correlated log relative risks across categories of meat consumption. This method requires that 1) the number of deaths and total number of participants (or person-time) for each category are known; 2) the relative risks with confidence intervals are presented for at least 2 exposure categories; and 3) the mean or median meat consumption for each category is either reported in the article or can be estimated. We assigned the mean or median meat consumption for each category to the corresponding relative risk. When meat consumption was reported in servings (4) or frequency (12), we estimated the consumption in grams by using the standard serving size for unprocessed red meat (85 g) reported by Pan et al. (4) and assumed that 1 serving of processed meat and total red meat corresponded to 30 g and 85 g, respectively. Risk estimates from individual studies were combined with the method of DerSimonian and Laird by using the assumptions of a random-effects model (13) , which considers both within-study and between-study variation (weighting was based on the inverse of the variance).
Nonlinear associations between meat consumption and allcause mortality were tested by using a 2-stage random-effects dose-response meta-analysis (11, 14) . Meat consumption was modeled by using restricted cubic splines with 3 knots Excluded articles (n = 27) Assessed overall dietary patterns only in relationship to mortality (n = 9) Outcome was not mortality (n = 1) Cause-specific mortality only (n = 6) Commentary or editorial (n = 3) Cohort study of vegetarians (n = 7) Total meat included white meat (n = 1)
Articles included in meta-analysis (n = 8) based on 9 prospective cohort studies (2 spline transformations) at fixed percentiles (10%, 50%, and 90%) of the distribution. A P value for nonlinearity was obtained by testing the regression coefficient of the second spline equal to 0 (15). Heterogeneity among studies was evaluated by using the Q and I 2 statistics (16). We performed analyses stratified by sex and geographical area (United States and Europe). Small study bias, such as publication bias, was explored by visual inspection of funnel plots and formal testing by using Egger's test (17) . All statistical analyses were conducted by using Stata, version 12, software (StataCorp LP, College Station, Texas). P values of less than 0.05 were considered statistically significant.
RESULTS
Nine prospective studies (2, 4, 8, 12, (18) (19) (20) (21) (1 article presented results from 2 independent cohorts (4)) of unprocessed red meat (n = 6 studies), processed meat (n = 6 studies), and/or total red meat (n = 5 studies) consumption in relationship to allcause mortality fulfilled our inclusion criteria (Figure 1 ). Characteristics of the 9 studies are presented in Table 1 . Combined, these studies included 1,330,352 individuals and 137,376 deaths. Five studies were conducted in the United States, 3 in Europe, and 1 in China. All studies adjusted for age, sex (if applicable), and smoking. Most studies also controlled for physical activity (n = 8 studies), alcohol consumption (n = 8 studies), total energy intake (n = 7 studies), body mass index (weight (kg)/height (m) 2 ) or body weight (n = 7 studies), and markers of socioeconomic status (n = 5 studies).
Highest versus lowest category
In meta-analysis combining the risk estimates for the highest versus the lowest category, consumption of processed meat and total red meat but not unprocessed red meat was statistically significantly positively associated with all-cause mortality ( Figure 2 ). Although all relative risks for processed meat and total red meat consumption were greater than 1.0, there was statistically significant heterogeneity among study results (I 2 ranged from 57% to 83%). We found no evidence of publication bias (P > 0.31).
In analysis stratified by sex, processed meat consumption was associated with increased all-cause mortality in both men (relative risk (RR) = 1.20, 95% confidence interval (CI): 1.11, 1.30; P heterogeneity = 0.05; n = 3 studies) and women (RR = 1.23, 95% CI: 1.19, 1.27; P heterogeneity = 0.48; n = 3 studies). Likewise, total red meat consumption was positively associated with all-cause mortality in both men (RR = 1.32, 95% CI: 1.28, 1.37; P heterogeneity = 0.27; n = 2 studies) and women (RR = 1.27, 95% CI: 1.17, 1.38; P heterogeneity = 0.01; n = 3 studies). Unprocessed red meat consumption was positively associated with all-cause mortality in men (RR = 1.27, 95% CI: 1.19, 1.35; P heterogeneity = 0.54; n = 3 studies) but not in women (RR = 1.09, 95% CI: 0.86, 1.37; P heterogeneity < 0.001; n = 3 studies).
High consumption of processed meat was associated with increased all-cause mortality in studies conducted in the United States (RR = 1.21, 95% CI: 1.16, 1.26; P heterogeneity = 0.07; n = 4 studies) and Europe (RR = 1.36, 95% CI: 1.10, 1.70; P heterogeneity = 0.26; n = 2 studies). Similarly, total red meat consumption was positively associated with all-cause mortality both in studies from the United States (RR = 1.30, 95% CI: 1.25, 1.36; P heterogeneity = 0.02; n = 4 studies) and Europe (RR = 1.15, 95% CI: 0.99, 1.33; n = 1 studies). Unprocessed red meat consumption was positively associated with allcause mortality in studies from the United States (RR = 1.23, 95% CI: 1.17, 1.30; P heterogeneity = 0.30; n = 3 studies) but not in European studies (RR = 0.90, 95% CI: 0.59, 1.38; P heterogeneity = 0.002; n = 2 studies).
Dose-response meta-analysis
Three studies could not be included in the dose-response meta-analysis because red meat consumption was divided into 2 categories only (below and above the median) (19), confidence intervals were not provided for all categories (18) , or the numbers of deaths and participants in each category were not reported (21) . In a dose-response meta-analysis, consumption of processed meat (5 studies) and total red meat (3 studies) were significantly positively associated with all-cause mortality in a nonlinear fashion (Figure 3) . The relative risk of all-cause mortality comparing 60 g/day (∼2 servings/day) with 10 g/day (∼2 servings/week) of processed meat consumption was 1.22 (95% CI: 1.13, 1.31). For total red meat consumption, the corresponding relative risk for 120 g/day (∼1.5 servings/day) versus 20 g/day (∼1.5-2 servings/week) was 1.29 (95% CI: 1.20, 1.38). Unprocessed red meat consumption (5 studies) showed a statistically nonsignificant linear association with all-cause mortality (for a 100-g/day increase in consumption, RR = 1.09, 95% CI: 0.997, 1.20).
DISCUSSION
Findings from this meta-analysis indicate that high consumption of red meat, in particular processed meat, is associated with higher all-cause mortality. Overall, those in the highest category of processed meat and total red meat consumption had increased all-cause mortality of 23% and 29%, respectively, compared with those in the lowest Figure 2 . Relative risk (RR) of all-cause mortality for the highest versus lowest category of unprocessed red meat, processed meat, and total red meat consumption. Squares represent study-specific relative risk estimates (size of the square reflects the study-specific statistical weight, i.e., the inverse of the variance); horizontal lines represent 95% confidence intervals (CIs); diamonds represent summary relative risks with 95% confidence intervals. Assessment of heterogeneity: unprocessed red meat, I 2 = 83%, P < 0.001; processed meat, I 2 = 57%; P = 0.022; total red meat, I 2 = 65%; P = 0.014.
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category. Unprocessed red meat consumption was not significantly associated with all-cause mortality. Results from the dose-response meta-analysis suggested that processed meat and total red meat consumption is associated with all-cause mortality in a nonlinear fashion with a steeper increase in allcause mortality at intakes below approximately 1 serving per day. This finding suggests that all-cause mortality is elevated even at low intakes of processed meat and total red meat. In a report by the World Cancer Research Fund (22) , the public health recommendation with regard to cancer risk was to eat no more than 500 g (cooked weight) per week of red meat like beef, pork, and lamb and to avoid processed meats such as ham, bacon, salami, hot dogs, and sausages.
Results from the present meta-analysis add to the increasing evidence that consumption of red meat, especially processed meat, should be limited.
Findings from the present meta-analysis are in agreement with previous meta-analyses on red meat and processed meat consumption in relationship to risk of chronic diseases. For example, a recent meta-analysis of 9 prospective studies found that the risk of type 2 diabetes increased by 19% for each 100-g/day increase of unprocessed red meat consumption and by 51% for each 50-g/day increase of processed meat consumption (1) . In addition, summary results based on 5 prospective studies showed that the risk of coronary heart disease increased by 42% for each 50-g/day increment of processed meat consumption, whereas no association was observed between unprocessed red meat consumption and coronary heart disease (1). In another meta-analysis on stroke, each serving-per-day increase in unprocessed red meat or processed meat consumption was associated with 11% and 13% increased risks of stroke, respectively (3). Among cancer types, colorectal cancer has been most consistently associated with red meat and processed meat consumption (5, 7) . One of the most recent meta-analyses showed that consumption of unprocessed red meat (100 g/day) and processed meat (50 g/day) was associated with 17% and 18% increased risks of colorectal cancer, respectively (7) .
Red meat and processed meat consumption may increase all-cause mortality by increasing the risk of major chronic diseases, including cardiovascular disease and cancer. Processed meat usually contains much salt (sodium), which significantly raises blood pressure (23) . In fact, red meat consumption has been associated with elevated blood pressure (24), which is a major cause of death worldwide (25) . High salt intake may also promote vascular stiffness (23) . Those with high consumption of red meat may consume fewer healthy foods such as fruits and vegetables, which are inversely associated with risk of cardiovascular disease (26, 27) . In relationship to cancer, red meat is a source of carcinogens such as heterocyclic amines and polycyclic aromatic hydrocarbons, both of which are formed during the cooking of red meat at high temperatures (28) . N-nitroso compounds, which are present in some processed meats and can be formed in a dose-dependent fashion related to the amount of red meat in the diet, may also increase cancer risk (28) .
A limitation of this meta-analysis is the observational design of the included studies. Although most studies adjusted for major potential confounders such as smoking, physical activity, body mass index, and alcohol consumption, it cannot be ruled out that the observed association between red meat consumption and all-cause mortality is explained by residual confounding from, for example, socioeconomic status or other dietary factors such as fruit and vegetable consumption. Another limitation is that publication bias may have influenced the results. We could not detect any evidence of publication bias. However, tests for publication bias have low statistical power, especially when the number of studies is limited. Finally, although most studies indicated a positive association of processed meat and total meat consumption with all-cause mortality, there was significant heterogeneity among study results (different strength of associations). There are several potential explanations for the observed betweenstudy heterogeneity. First, the range of meat consumption between the highest and lowest category, as well as the mean meat consumption in extreme categories, varied between Total Red Meat Consumption, g/day B) Figure 3 . Relative risks of all-cause mortality associated with A) processed meat, and B) total red meat consumption. Processed meat and total red meat consumption were modeled with restricted cubic splines in a random-effects dose-response model. A consumption of 0.6 g/day of processed meat (estimated median intake in the lowest exposure category) was used as the reference to estimate all relative risks for processed meat consumption. The corresponding reference for total red meat consumption was 13.9 g/day. The P values for nonlinearity were 0.003 for processed meat and less than 0.001 for total red meat consumption. The vertical axis is on a log scale.
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Am J Epidemiol. 2014;179(3):282-289 studies. The risk estimates would be assumed to be higher in studies with broader ranges of red meat consumption. Second, the type of meat items included in the red meat and processed meat groups differed. Third, the length of follow-up varied from study to study with some studies having followup of more than 2 decades (4, 21). Nevertheless, 2 of the studies with long follow-up used repeated measurements of diet to account for changes in diet during follow-up and to reduce measurement error. Because the strength of the association of red meat consumption with all-cause mortality differed between studies, which resulted in statistical heterogeneity, the summary risk estimates should be interpreted with caution.
In conclusion, findings from this meta-analysis showed a positive association between the consumption of red meat, particularly processed meat, and all-cause mortality. These results add to and extend the evidence that high red meat consumption may have adverse health consequences.
